Hydrogel microfibers have great potential for applications such as tissue engineering or threedimensional cell culturing. Their favorable attributes can lead to tissue models that can help to reduce or eliminate animal testing, thereby providing an eco-friendly alternative to this unsustainable process. In addition to their highly tunable mechanical properties, this study shows that varying the viscosity and flow rates of the prepolymer core solution and gellator sheath solution within a microfluidic device can affect the surface topology of the resulting microfibers. Higher viscosity core solutions are more resistant to deformation from shear force within the microfluidic device, thereby yielding smoother fibers. Similarly, maintaining a smaller velocity gradient between the fluids within the microfluidic device minimizes shear force and smooths fiber surfaces. This simple modification provides insight into manufacturing microfibers with highly tunable properties.
Introduction
Hydrogel-based microfibers have become promising tools in a variety of fields, such as tissue engineering and 3D cell culturing methods. Their favorable attributes stem from their high surface-to-area ratio, rapid diffusion gradients and strong potential for biocompatibility [1] [2] [3] . Their contributions to biomedical fields thus far have included the encapsulation or seeding of bioactive molecules [4, 5] , cells [1, [6] [7] [8] , or bacteria [9] ; furthermore, their properties allow for the creation of a microenvironment that mimics conditions within the body, providing an extracellular-matrix (ECM) inspired scaffold for arranging and guiding cell growth, proliferation and differentiation [1, 3, 6, 7] .
By increasing the effectiveness and physiological relevancy of cell culture testing methods, microfiber-based scaffolds have the potential to drastically increase the sustainability of biomedical research and drug discovery practices. Three-dimensional cell culturing provides highly tunable microenvironments, thereby reducing or eliminating the need for animal testing in certain situations [10] . While animal testing has led to important breakthroughs thus far, its high consumption of energy, usage of harsh chemicals and production of waste are highly detrimental to the environment when used in such a large scale [11] . Scaffoldings provide a method of mass experimentation while utilizing drastically fewer material needs and operating at a higher efficiency, thereby increasing the sustainable development of biomedical research through this energy-friendly technology.
In particular, alginate microfibers provide highly biocompatible microscaffolds, which can be created with gentle, cell-safe methods, thereby enabling cell encapsulation and guidance. This FDA-approved polymer is biodegradable, and therefore lends itself well to long-term cell culture situations or sub-dermal tissue regeneration treatments [1, 12, 13] . Alginate microfibers are highly tunable, particularly when they are fabricated using the microfluidic technique, which is a powerful platform in a variety of applications [14] [15] [16] [17] [18] . For microfiber fabrication, one can utilize the interaction between a core alginate solution and a sheath solution to affect the size, shape, and mechanical properties of microfibers [1, [19] [20] [21] .
Changing the concentrations of the prepolymer core solution and the crosslinking sheath solution or adjusting the flow rate ratio (FRR), the ratio of the flow rates for the sheath and core solutions, can affect the mechanical properties and surface topologies of the fibers [1, 19] . Furthermore, by adjusting the viscosity of the alginate solution and the velocity gradient at the fluid-fluid interface, it is possible to further adjust the properties of the fibers by changing their surface topology. This is of interest for applications where cell guidance is desired, such as culturing nerve cells for regenerative applications [12] . Micro-structures on the surface of hydrogels for cell culturing are known to affect their proliferation, differentiation, and behavior [3, 7] .
To highlight this feature of microfluidic microfiber fabrication, microfibers were fabricated with both filtered and non-filtered alginate solution, and their surface topologies were observed with SEM imaging. Filtered alginate solutions had a lower viscosity than the non-filtered solutions, which meant that they were more susceptible to deformation by the shear force applied from the sheath solution to the core solution. Two flow rate ratios (FRRs) were used, which allowed for observation of multiple core flow rates and sheath flow rates. A FRR of 50:10 µL/min:µL/min (sheath:core) will see a smaller velocity gradient at the fluid-fluid interface between the core and sheath fluids; therefore, the core solution will experience less shear force exhibited by the sheath solution. Conversely, a FRR of 75:5 µL/min:µL/min (sheath:core) will show a less stable regime.
Experiments

Creation of the Microfluidic Device and Solutions
Microfluidic devices were created by patterning polydimethylsiloxane (PDMS) with silicone-based photolithography molds. To create the microfluidic device, polydimethylsiloxane (PDMS) was cured at 80 • C for 20 min on a mold created through photolithography on a silicon wafer. The mold has been well documented-it has dimensions of 130 µm × 390 µm (height × width), and has four chevrons with dimensions of 130 µm × 100 µm, which are spaced 200 µm apart [1, 6, 19] . Once both halves of the mold were created, they were adhered using plasma cleaning.
To create the alginate solution, alginate (very low viscosity, Alfa Aesar, Ward Hill, MA, USA) was dissolved in deionized (DI) water at a concentration of 3.5% (w/v) with a magnetic stirrer at room temperature overnight. The filtered samples were created using a 3 µm pore size polytetrafluoroethylene (PTFE) syringe filter (Tisch Scientific, North Bend, OH, USA), then a 0.45 µm pore size polyvinyl difluoride (PVDF) syringe filter (Fisherbrand, Houston, TX, USA).
The sheath solution was created with 0.04% (w/v) CaCl 2 ·2H 2 O (Fisher Chemical, Waltham, MA, USA) and 20% (w/v) poly (ethylene glycol) (PEG) (M n = 20,000, Aldrich Chemistry, St. Louis, MO, USA). Fibers formed within the microfluidic device were gathered in a collection bath of 2.5% (w/v) CaCl 2 ·2H 2 O, 16% (w/v) PEG to further solidify the fibers. PEG was added to the collection bath in order to change the specific gravity of the liquid, thereby allowing buoyant alginate microfibers to sink below the surface in order to increase the exposure to calcium ions within the 2.5% (w/v) CaCl 2 ·2H 2 O solution.
Fabrication of Alginate Microfibers
To create microfibers, a double syringe pump (Cole-Parmer, Veron Hills, IL, USA) was used to control the core and sheath solution flow rates. While a variety of FRRs were tested during the optimization process, two representative FRRs are displayed here: 50:10 µL/min:µL/min and 75:5 µL/min:µL/min (sheath: core).
Viscosity Measurements
To measure the viscosity of filtered and unfiltered alginate solutions, a Canon-Fenske viscometer (350 727H, Cannon Instrument Company, State Collage, PA, USA) was suspended in a water bath maintained at 40 • C with a magnetic stirrer to ensure equal temperatures. A minimum of 6.5 mL of alginate solutions was loaded into the reservoir of the viscometer, and solutions were introduced into the efflux bulb via suction. A minimum of three samples were measured three times to ensure accuracy. The efflux time (the time required for the liquid line to fall between the starting point and the ending point) was then measured, and the kinematic viscosity was calculated using the following equation, where v is the kinematic viscosity, C is the viscometer constant, and t is the time required for the liquid to travel between the marked lines on the viscometer [22] : v = C·t.
(1)
SEM Imaging
To image the fibers, they were mounted onto paper frames, which were inserted into a JEOL JCM-6000 Benchtop Scanning Electron Microscope (SEM) using double-sided carbon tape (Nisshin EM.CO., LTD., Tokyo, Japan).
Profilometry Analysis
To quantitatively analyze the surface topology of alginate microfibers, a NewView 7100 Profilometer (Zygo, Middlefield, CT, USA) was used to image the surface of the fibers. Fibers were fabricated and allowed to dry for a minimum of one night; once dry, fibers were placed onto the flat profilometer stage and analyzed using the Zygo MetroPro system. Fibers were analyzed over the longitudinal axis, with readings taken parallel to the long length of the fibers. A minimum of five measurements were taken from a minimum of three locations along the fiber surface. For quantitative analysis, the R a value, or the average roughness value, was used to compare samples. The R a value is an average of the absolute value of surface difference when compared to the mean vertical value across the topography of a sample [23] .
Results
The surface topology of alginate microfibers was readily tunable by adjusting the viscosity of the alginate core fluid, or by changing the FRR so that the velocity gradient between the core and sheath fluids is larger. In order to analyze the effect of viscosity on fiber surface topology, a 3.5% (w/v) alginate solution was used to fabricate fibers, and then the solution was filtered twice, thereby greatly reducing its viscosity. The results can be seen in Figure 1 . In Figure 1a , more viscous unfiltered 3.5% (w/v) alginate microfibers were used as the prepolymer core fluid within the microfluidic device. With its higher viscosity, the core fluid was less affected by the shear force applied on the alginate solution by the ion-containing sheath solution. Therefore, the surface of the microfiber is smoother than the fibers fabricated with a lower viscosity alginate core solution, as seen in Figure 1b .
Furthermore, fibers fabricated with a higher velocity gradient can be observed in Figure 2 . A FRR of 75:5 µL/min:µL/min (sheath: core) resulted in a higher amount of shear force from the sheath fluid to the core fluid, resulting in fibers with erratic surface topographies, even when using the higher-viscosity 3.5% (w/v) alginate core fluid. Attempting to utilize the less viscous filtered alginate solution resulted in a situation where microfibers could not be collected, either due to core fluid deformation to the point where no continuous fiber could be formed, or due to insufficient time within the microfluidic channel for solidification of the microfiber. 
Viscosity Measurements
To understand how filtration changes fluid characteristics, kinematic viscosity measurements were carried out on the filtered and unfiltered alginate solutions. The average viscosity of unfiltered alginate solutions was 68.38 ± 0.74 cSt, whereas the average viscosity of filtered alginate solutions was 16.67 ± 1.52 cSt. Filtration removes larger particles, thereby reducing the overall viscosity.
Surface Topology
Profilometry analysis was used to quantitatively study the surface topologies of microfluidically created alginate microfibers. Profilometry analysis provided R a measurements, which are equal to the mean of vertical deviations across the surface of the material. R a measurements were taken along the surface of the microfibers along their longitudinal axis in order to determine the roughness of fibers generated with a variety of fabrication parameters; this data can be seen in Table 1 . Figure 3 shows 3D surface images of fibers generated with a 50:10 µL/min:µL/min FRR, whereas Figure 4 shows data from a 75:5 µL/min:µL/min fiber.
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Discussion
As past literature has suggested, there is a key relationship between the viscosity of the core fluid used within microfluidic microfiber fabrication techniques and the surface topologies of the resulting fibers [24] . This is due to higher viscosity fluids' increased ability to withstand deformation due to shear force that arises within the microfluidic channel. In this study, core fluid viscosity was controlled by creating the desired concentration and filtering it, thereby yielding both a high and low viscosity sample. As expected, a higher viscosity core fluid resulted in a smoother fiber when compared to a lower viscosity core fluid fabricated at the same FRR, which can be quantitatively observed through profilometry measurements.
Similarly, velocity gradients between the core and sheath flow rates affect the amount of shear force exerted on the core fluid and can affect the surface topography of the resulting fiber. This can be observed in Figure 2 , where a fiber made with a higher FRR exhibits a drastically rougher surface. Additionally, higher FRRs can create a regime wherein fibers cannot be fabricated, particularly when low viscosity prepolymer core fluids are being utilized. There has been some indication that the FRR also affects cell health for cases of cell encapsulation [1] . Interestingly, while the unfiltered core fluid microfibers fabricated with a FRR of 50:10 µL/min:µL/min had surfaces that were significantly less rough than either of the other samples, there was no significant difference between the filtered 50:10 µL/min:µL/min and the unfiltered 75:5 µL/min:µL/min samples, indicating that in this situation the change in viscosity and the velocity gradient at the fluid-fluid interface produced similar vertical deviations across the fiber surfaces.
Highly tunable surface topography for hydrogel microfibers will be of particular interest in research endeavors where cells are being seeded onto the surface of microfibers, since surface topography is known to affect cell proliferation, differentiation, and overall health [3, 6, 7] . Cells are greatly affected by their microenvironment, and this simple method to modify microfiber surface topography can be utilized to provide an additional degree of control over the behavior of cells, adding another level of control in a powerful manufacturing process to create continuous and tunable hydrogel microfibers.
